**This article is part of the Spotlight Issue on Cardioprotection Beyond the Cardiomyocyte.**

1. Introduction
===============

Acute myocardial infarction (MI) is a major cause of death and disability worldwide. Timely reperfusion therapy is needed for reducing acute myocardial ischaemic injury and limiting infarct size. However, the process of reperfusion could induce further damage known as myocardial reperfusion injury.[@cvz040-B1] The ischaemia/reperfusion (I/R) process triggers an inflammatory cascade in the heart. The intensity and duration of this inflammatory reaction are intimately associated with myocardial injury and scar formation.[@cvz040-B2]^,^[@cvz040-B3] In this process, macrophages play an important role in the modulation of cardiac inflammation.[@cvz040-B4] After reperfusion, M1 macrophages generates a pro-inflammatory environment and removes cell debris. Gradually, M2 macrophages become more prevalent. The M2 macrophages secrete not only anti-inflammatory cytokines but also a mixture of growth factors and play a critical role in wound healing and scar formation. Hence, both the two distinctive phenotypes are important for infarct healing.[@cvz040-B5] The shift in balance between M1 and M2 macrophages, contributing to earlier and more M2 macrophage infiltration, might be a potential target for the treatment of myocardial I/R injury.

Mesenchymal stromal cells (MSCs) are a unique stromal cell type that confers functional and structural benefits in ischaemic heart disease, including reduction of infarct size, improvement of cardiac function, enhanced angiogenesis, and modulation of inflammatory response.[@cvz040-B6] Several studies have disclosed that MSCs can reduce pro-inflammatory cytokines produced in macrophages, and trigger the macrophage to polarize towards the anti-inflammatory M2 phenotype *in vivo* and *in vitro*.[@cvz040-B7]^,^[@cvz040-B8] Nonetheless, the underlying mechanism is still fragmentary and incomplete. Accumulating evidence indicated that MSC exerted its benefit on myocardium via its paracrine effect rather than differentiated into myocytes.[@cvz040-B9] Exosomes are thought to be a potent secretory component of MSCs containing a specific payload of small RNAs and protein, which play an important role in MSC-mediated biological effect.[@cvz040-B10] Several recent studies have implicated that MSC-derived exosomes (MSC-Exo) can improve recovery in animal models of tissue injury and inflammatory diseases.[@cvz040-B11] However, it remains unknown whether MSC-Exo could induce macrophages to create an anti-inflammatory environment under myocardial I/R injury. In this study, we demonstrated the immunomodulatory effect of MSC-Exo on macrophages in myocardial I/R model, which is mainly through passing on exosomal miR-182 in order to inhibit toll-like receptor 4 (TLR4) activity.

2. Methods
==========

2.1 Animal experimental protocol
--------------------------------

All procedures with animals were approved by the Institutional Ethics Committee of Nanjing Drum Tower Hospital (Approval No. 20011141) and performed in accordance with the guidelines set forth in the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (Eighth Edition). C57BL/6 mice and BALB/c mice were purchased (8 weeks of age) from the Model Animal Research Center of Nanjing University. TLR4^-/-^ mice on a C57BL/6 background were purchased from Jackson Laboratory (stock number 029015). Age-matched C57BL/6 mice served as controls. Animals were fed a standard laboratory diet with free access to food and water, and kept in a temperature (22 ± 1°) and humidity (65--70%) controlled room, with a 12-h light--dark cycle. After study, all animals were anaesthetized by isoflurane inhalation (1.5--2%) and then euthanized by cervical dislocation.

Myocardial I/R model was established on 8-week male C57BL/6 mice. Mice were anaesthetized by isoflurane inhalation (1.5%-2%) and ventilated with room air using a rodent ventilator. Thoracotomy was performed at the 4th intercostal space to expose the heart and left anterior descending coronary artery (LAD). LAD was ligated with a 7-0 silk suture and was subsequently released after 45 min to allow for reperfusion. Immediately after reperfusion, the peri-infarct myocardial region was injected at three different points with a total of 25 μL of phosphate-buffered saline (PBS) containing 50 μg MSC-Exo. Control mice were injected with 25 μL PBS alone. In the sham-operated group, the LAD was not ligated. For macrophage depletion studies, C57BL/6 mice were intravenously injected with 150 μL (5 mg/mL) clodronate liposomes (Liposoma, The Netherlands) 1 day prior to and 1 day following myocardial I/R injury.

2.2 Exosome isolation and identification
----------------------------------------

When MSCs reached 70--80% confluency, culture medium was replaced with that containing 5% exosome-depleted foetal bovine serum (System Biosciences, Inc.) and cultured for 48 h. Exosomes were isolated using differential centrifugation based on previously described methods with slight modifications.[@cvz040-B15]^,^[@cvz040-B16]

The morphology of exosomes was observed using transmission electron microscope (JEM-1011 Japan). After isolation, 10 μL exosomes were diluted in 1 mL of filtered PBS and size distribution was measured by NanoSight NS300 (Malvern, UK). Exosomes were then identified by the marker proteins CD9, CD63 TSG101, and Alix using western blotting. The quantity of exosomes was determined by BCA assay (Thermo Scientific) for measurement of total protein. The uptake of DiI-labelled MSC-Exo was determined by confocal microscopy. Detailed descriptions are provided in [Supplementary material online](#sup1){ref-type="supplementary-material"}.

2.3 Statistical analysis
------------------------

Data from at least five independent experiments were presented as mean ± SD, unless otherwise indicated. To determine differences between groups at a single time point, data were tested using either two-tailed, unpaired, Student's *t*-test or one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. To determine differences between groups at multiple time points, data were tested using two-way ANOVA followed by Bonferroni's multiple comparisons test. All analyses were performed using Prism 6 software (GraphPad), and only differences with a *P*-value of less than 0.05 were considered statistically significant.

3. Results
==========

3.1 Characterization of MSC-Exo
-------------------------------

Mouse bone marrow-derived MSCs isolated from the tibia and femoral marrow compartments presented as long spindle-shaped fibrocyte-like adherent cells and were identified by fluorescence-activated cell sorter analysis as previously described.[@cvz040-B17] We purified exosomes from the culture supernatants of MSCs by serial differential centrifugation plus ultracentrifugation. Then the morphology and phenotypes of isolated particles were identified according to the characteristics of exosomes.[@cvz040-B15] First, the nanoparticle tracking analysis (NTA) demonstrated that the concentration of the particles and the diameters of the particles were within the range of 50--150 nm, with mode of 142 nm (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1A](#sup1){ref-type="supplementary-material"}*). Transmission electron microscopy showed that the isolated MSC vesicles had a cup-shaped canonical exosome morphology with double-layer membrane structure (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1B](#sup1){ref-type="supplementary-material"}*). Further, western blot analysis confirmed that the particles expressed CD63, CD9, TSG101, and Alix, which are widely recognized molecular markers for exosomes (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1C](#sup1){ref-type="supplementary-material"}*). Therefore, the above properties indicated that MSC-derived particles collected in our experiments were exosomes. For exosomes quantification, the correlation of BCA and NTA quantification methods were evaluated. We found that protein weight in these particle fractions measured by BCA assay was strongly correlated with particle number measured by NTA (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S1D](#sup1){ref-type="supplementary-material"}*). Thus, the quantity of exosomes was determined by BCA assay for subsequent study.

3.2 MSC-Exo administered following reperfusion reduced infarct size and inflammation in a mouse model
-----------------------------------------------------------------------------------------------------

To investigate the role of MSC-Exo in myocardial I/R injury, we subjected mice to 45 min of ischaemia followed by reperfusion. Exosomes (or vehicle) were then delivered to myocardium immediately after reperfusion. The dose of exosomes was determined according to our preliminary dose ranging experiment (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S2](#sup1){ref-type="supplementary-material"}*) and previous published studies.[@cvz040-B14]^,^[@cvz040-B18] After treatment with MSC-Exo, cardiac function was better preserved (*Figure [1](#cvz040-F1){ref-type="fig"}A* and *B*) and infarct size (IS/AAR) was reduced relative to vehicle (PBS) control 3 days post--operation (*Figure [1](#cvz040-F1){ref-type="fig"}C* and *D*). Three weeks after myocardial I/R injury, MSC-Exo still improved cardiac function (*Figure [1](#cvz040-F1){ref-type="fig"}A* and *B*), preserved left ventricular systolic and diastolic dimensions (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3A](#sup1){ref-type="supplementary-material"}*), attenuated fibrosis (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3B](#sup1){ref-type="supplementary-material"}* and *C*), and reduced hypertrophy of cardiomyocytes relative to vehicle control (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3D](#sup1){ref-type="supplementary-material"}*). No changes in vessel density were observed 3 weeks after myocardial I/R (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S3E](#sup1){ref-type="supplementary-material"}*). Thus, MSC-Exo administered immediately after myocardial I/R was able to reduce myocardial injury, leading to sustained functional and structural benefits.

![Intramyocardial infusion of MSC-Exo attenuates myocardial I/R injury and alleviates cardiac inflammation in mice. EF% (*A*) and FS% (*B*) of sham-operated, PBS--treated, and MSC-Exo-treated mice measured by echocardiography 3 days and 3 weeks following myocardial I/R injury (sham, *n* = 5; PBS, *n* = 8; MSC-Exo, *n* = 8). (*C*) Representative images of Evans Blue and TTC-stained hearts isolated from mice 3 days following treatment with PBS or MSC-Exo. Area-at-risk (AAR; red line) and infarct size (IS; white dotted line). Scale bar = 5mm. (*D*) Quantitative analysis of the percentage AAR and percentage infarct of hearts in (*C*) (*n* = 6). (*E*) HE staining and quantification of inflammatory cell infiltration (%) within the ischaemic heart 3 days following operation (*n* = 6). Scale bar = 100 μm. Cytokine expression of IL-6 (*F*) and IL-10 (*G*) in the hearts of mice treated with PBS or MSC-Exo 3 days and 7 days after myocardial I/R (*n* = 8). Concentration of cytokines IL-6 (*H*) and IL-10 (*I*) in serum 3 days and 7 days after I/R (*n* = 8). Graphs depict mean ± SD. Statistical significance was determined using Student's *t*-test for two group's comparison, one-way ANOVA followed by Tukey's multiple comparisons test for multiple group comparisons and two-way ANOVA followed by Bonferroni's multiple comparisons test for comparison between different groups over time. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001; ns, not significant.](cvz040f1){#cvz040-F1}

From the histological assessment of heart tissues 3 days after myocardial I/R, we found reduced inflammatory cell infiltration in MSC-Exo-treated mice (*Figure [1](#cvz040-F1){ref-type="fig"}E*), indicating that MSC-Exo could modulate inflammation following myocardial I/R. Delivery of MSC-Exo to the heart reduced neutrophil (Ly6g^+^) infiltration within the heart. While, T cells, such as cytotoxic T cells (CD8^+^) and helper T cells (CD4^+^), were unaltered (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S4](#sup1){ref-type="supplementary-material"}*). We also measured the concentrations of pro-inflammatory cytokine IL-6 and anti-inflammatory cytokine IL-10 in the serum and heart tissues. Either 3 days or 1 week after the myocardial I/R operation, the levels of these cytokines were all elevated in heart tissues of I/R injured mice as compared with the sham-operated mice. There was a more significant reduction in the concentrations of IL-6 in the heart tissues of MSC-Exo-treated mice vs. the PBS-treated mice (*Figure [1](#cvz040-F1){ref-type="fig"}F*). Conversely, the concentration of IL-10 was significantly increased in the MSC-Exo-treated mice compared with that in PBS-treated animals (*Figure [1](#cvz040-F1){ref-type="fig"}G*). The similar altered patterns were also shown in the serum levels of IL-6 and IL-10 (*Figure [1](#cvz040-F1){ref-type="fig"}H* and *I*). These data suggested that MSC-Exo alleviated cardiac inflammation following myocardial I/R injury.

3.3 Systemic depletion of macrophages using clodronate liposomes reduced the efficacy of MSC-Exo therapy
--------------------------------------------------------------------------------------------------------

Since previous studies demonstrated that macrophages played a critical role in the modulation of cardiac inflammation after myocardial I/R injury,[@cvz040-B4]^,^[@cvz040-B19] we investigated the role of macrophages in the benefits of MSC-Exo therapy. To do so, we administered clodronate \[dichloromethylene diphosphonate (Cl~2~MDP)\] liposomes 24 h prior to and following myocardial I/R, MSC-Exo (or vehicle) were delivered to myocardium immediately after reperfusion (*Figure [2](#cvz040-F2){ref-type="fig"}A*). As expected, clodronate significantly reduced blood, spleen, and cardiac macrophage populations using flow cytometry analysis (*Figure [2](#cvz040-F2){ref-type="fig"}B* and *C*). Clodronate itself did not aggravate I/R injury, as we observed no significant difference in infarct size and cardiac function between the PBS-treated group and the PBS and Cl~2~MDP-treated group. However, clodronate attenuated the benefits of MSC-Exo, that is, infarct size was increased in the group treated with MSC-Exo and Cl~2~MDP relative to that in the MSC-Exo-treated group 3 days post the I/R operation (*Figure [2](#cvz040-F2){ref-type="fig"}D* and *E*). Mice treated with MSC-Exo had improved values of ejection fraction (EF %) and fractional shortening (FS %), compared with the MSC-Exo and Cl~2~MDP group (*Figure [2](#cvz040-F2){ref-type="fig"}F*). Collectively, our results suggested that depletion of macrophages impaired the benefits of MSC-Exo, indicating that macrophages were required for the cardioprotective effects of MSC-Exo therapy. The effects of MSC-Exo largely relied on its interactions with macrophages. Thus, we went on to investigate, in detail, the potential effects of MSC-Exo on macrophage quantity and subpopulation.

![Systemic depletion of endogenous macrophages reduces the efficacy of MSC-Exo therapy. (*A*) Schematic of macrophage depletion protocol using Cl~2~MDP liposomes. (*B*) Representative flow cytometry plots of macrophage population in the spleens, blood, and hearts from Cl~2~MDP- and PBS-treated animals 3 days after I/R. (*C*) Pooled flow cytometry data from (*B*) (*n* = 5). (*D*) Representative images of Evans Blue and TTC-stained hearts from mice sacrificed 3 days after infusion of MSC-Exo or vehicle with or without macrophage depletion prior to myocardial I/R injury. Area-at-risk (AAR; red line) and infarct size (IS; white dotted line). Scale bar = 5 mm. (*E*) Quantification of percentage AAR and percentage infarct in hearts from groups defined in (*D*) (*n* = 6). (*F*) EF% and FS% measured by echocardiography 3 days following myocardial I/R injury (*n* = 6). Graphs depict mean ± SD. Statistical significance was determined using Student's *t*-test and one-way ANOVA followed by Tukey's multiple comparisons test. \**P* \< 0.05; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](cvz040f2){#cvz040-F2}

3.4 MSC-Exo reduced the number of M1 macrophages and promoted macrophages transforming towards M2-like phenotype under myocardial I/R injury
--------------------------------------------------------------------------------------------------------------------------------------------

To investigate the potential effects of MSC-Exo on macrophage, we first examined the quantity of macrophages within heart under MSC-Exo treatment. We collected the left ventricle tissues near apex of hearts 3 days after operation and observed that the proportion of CD11b^+^F4/80^+^ macrophages was significantly increased in the heart tissue of the PBS-treated myocardial I/R mice compared with that of the sham-operated group. Whereas the administration of MSC-Exo did not alter total macrophage population when compared with PBS-treated mice (*Figure [3](#cvz040-F3){ref-type="fig"}A* and *B*). These results indicated that MSC-Exo did not affect the quantity of macrophages accumulated in injured heart.

![Effects of MSC-Exo on macrophage infiltration and polarization following myocardial I/R. (*A*) Representative flow cytometry plots showing the gating strategy used to determine total macrophage in heart (CD11b^+^F4/80^+^), M1 phenotype(CD11b^+^F4/80^+^iNOS^+^CD206^−^) and M2 phenotype (CD11b^+^F4/80^+^iNOS^-^CD206^+^). (*B*) Quantification of total macrophages, M1 macrophages and M2 macrophages within heart tissues 3 days following treatment with PBS or MSC-Exo (*n* = 5). (*C*) Gene expression profiles of pro-inflammatory cytokines and M1 macrophage marker in the hearts of mice sacrificed 3 days after myocardial I/R (*n* = 6). (*D*) Gene expression profiles of anti-inflammatory cytokines and M2 macrophage marker in the hearts of mice treated with PBS or MSC-Exo 3 days after myocardial I/R (*n* = 6). Expression of interest genes is normalized to GADPH and given as a relative change. (*E*) Representative images of western blot to assess levels of iNOS and Arg1 in the hearts of mice treated with PBS or MSC-Exo 3 days after I/R (*n* = 5). (*F*) Quantification of band intensities in (*E*). All data are mean ± SD. Statistical significance was determined using one-way ANOVA followed by Tukey's multiple comparisons test. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](cvz040f3){#cvz040-F3}

It is well recognized that macrophages exhibit the capacity to switch between M1 and M2 under injury. We therefore asked whether MSC-Exo could polarize macrophages towards the M1 or M2 phenotype under myocardial I/R. The populations of M1 and M2 phenotypes were measured using flow cytometry analysis. Interestingly, the M1 macrophages (iNOS^+^CD206^-^) were remarkably reduced in the MSC-Exo-treated mice compared with the PBS-treated mice. Meanwhile, the M2 macrophages (iNOS^-^CD206^+^) were increased by MSC-Exo treatment (*Figure [3](#cvz040-F3){ref-type="fig"}A* and *B*). Furthermore, the quantitative real--time PCR (qRT-PCR) analysis for M1 and M2 gene expression also showed that M1 markers (iNOS, IL-1β, IL-6, and TNFα) were significantly reduced, whereas the M2 markers were increased, such as Arg1, IL-10, CD206, and TGFβ (*Figure [3](#cvz040-F3){ref-type="fig"}C* and *D*), which was consistent with western blot analysis (*Figure [3](#cvz040-F3){ref-type="fig"}E* and *F*). Collectively, these data demonstrated that MSC-Exo polarized macrophages away from the M1 phenotype and towards an M2-like state under myocardial I/R injury.

3.5 MSC-Exo converted inflammatory macrophages to M2 phenotype *in vitro*
-------------------------------------------------------------------------

To better understand how MSC-Exo interacts with macrophages, MSC-Exo was added to the cultured RAW264.7 cells. The DiI (red)‐labelled MSC-Exo was internalized into macrophages and localized in the cytoplasm within 6 h (*Figure [4](#cvz040-F4){ref-type="fig"}A*). To further validate the direct effects of MSC-Exo on macrophages, lipopolysaccharide (LPS) was added to culture systems prior to the addition of MSC-Exo in order to induce an inflammatory micro-environment. Six hours later, MSC-Exo or PBS was added to the stimulated macrophages. About 48 h later, we detected the concentrations of IL-6 and IL-10 in the culture supernatants and the expression levels of iNOS and Arg1. We found that the MSC-Exo inhibited the LPS-induced IL-6 and iNOS production and promoted the up-regulation of IL-10 and Arg1 (*Figure [4](#cvz040-F4){ref-type="fig"}B--D*). Furthermore, flow cytometry analysis showed that the ratio of M2 macrophages was significantly increased and that of M1 macrophages was markedly reduced in the MSC-Exo group (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S5B](#sup1){ref-type="supplementary-material"}* and *C*). Same trends were observed when MSC-Exo interacted with peritoneal macrophages (*Figure [4](#cvz040-F4){ref-type="fig"}E* and *F*). The qRT--PCR results also showed that after MSC-Exo treatment, peritoneal macrophages dramatically produced more anti-inflammatory cytokines (IL-10, TGFβ) and less pro-inflammatory cytokines, including IL-1β, IL-6, and TNFα (*Figure [4](#cvz040-F4){ref-type="fig"}G*). Taken together, these data indicated that MSC-Exo facilitated the polarization of macrophages to M2 rather than M1.

![MSC-Exo facilitates the polarization of macrophages to M2 phenotype under inflammatory environment. (*A*) Representative images of the uptake of Dil-labelled exosomes (red) by RAW264.7 cells (DAPI blue) and fluorescence uptake with sham control and dye-only samples. Sham control, aliquots isolated from equal volume of MSC culture medium containing 5% exosome-free FBS in the absence of cells stained with DiI; Dye-only, PBS negative control stained with the DiI; Non-stained, background RAW264.7 cells fluorescence without addition of a sample. Scale bar = 25 μm. (*B*) Concentration of cytokine IL-6 and IL-10 in supernatants of LPS-stimulated RAW 264.7 cells after culturing with MSC-Exo or PBS for 48 h (*n* = 6). (*C*) Western blot assay for iNOS and Arg1 expression in LPS-stimulated RAW 264.7 cells after culturing with MSC-Exo or PBS for 48 h. (*D*) Quantitative analysis of iNOS, Arg1 levels in (*C*) (*n* = 5). (*E*) Representative flow cytometry plots showing the percentages of M1 (iNOS^+^CD206^−^) and M2 (iNOS^−^CD206^+^) phenotype in LPS-stimulated peritoneal macrophages after culturing with MSC-Exo or PBS for 48 h. (*F*) Quantification of flow cytometry data in (*E*) (*n* = 5). (*G*) Gene expression profiles of M1 markers (iNOS, IL-1β, IL-6, and TNFα) and M2 markers (Arg1, IL-10, CD206, and TGFβ) in LPS-stimulated peritoneal macrophages after culturing with MSC-Exo or PBS for 48 h (*n* = 5). Expression of interest genes is normalized to GADPH and given as relative change. Data are presented as mean ± SD. Statistical analysis was performed with Student's *t*-test and one-way ANOVA followed by Tukey's multiple comparisons test. \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](cvz040f4){#cvz040-F4}

3.6 miR-182 was candidate effector of MSC-Exo mediated macrophage polarization
------------------------------------------------------------------------------

Studies suggested that exosomes had an intriguing role on cellular communication through the exchange of miRNAs or proteins between cells.[@cvz040-B18]^,^[@cvz040-B20] Therefore, we determined to investigate whether MSC-Exo contained any pivotal miRNAs that contributed to its immunomodulatory effect. To understand how MSC-Exo regulates macrophage polarization, we performed small RNA sequencing on MSC-Exo and then aligned them to a public available database of exosomal miRNA profiles (ExoCarta). Based on the miRNA profiling in MSC-Exo, we searched for miRNAs reported either involved in inflammation modulation (miR-181, miR-223, miR-124, miR-146a, miR-182, miR-125a),[@cvz040-B18]^,^[@cvz040-B21] or cardiac repair (miR-103, miR-221, miR-133, miR-150, miR-21, miR-22, miR-182, miR-125a),[@cvz040-B24]^,^[@cvz040-B25] or enriched in MSC-Exo (miR-21, miR-22, miR-378, miR-182, miR125a, miR-199)[@cvz040-B26] as shown in *Figure [5](#cvz040-F5){ref-type="fig"}A*. miR-182 and miR-125a stood out as candidates enriched in MSC-Exo probably responsible for macrophage polarization. qRT--PCR further confirmed that miR-182 and miR125a were more abundant in MSC-Exos compared with macrophage-derived exosomes (*Figure [5](#cvz040-F5){ref-type="fig"}B*).

![miR-182 is involved in MSC-Exo mediated macrophage polarization *in vitro*. (*A*) Main reported miRNAs participated in inflammation modulation, cardiac repair, and miRNAs abundant in MSC-Exo according to miRNA-sequencing analysis. miR-182 and miR-125a are multifunctional in both fields. (*B*) Real-time PCR analysis of miR-182 and miR-125a levels in exosomes derived from MSCs and RAW264.7 cells (*n* = 5). The expression levels of the miRNAs were normalized to U6. (*C*) Representative flow cytometry plots showing the percentages of M1 (iNOS^+^CD206^−^) and M2 (iNOS^−^CD206^+^) phenotype in LPS-stimulated RAW264.7 cells after transfection with miR-182 mimic or NC mimic for 48 h. (*D*) Pooled flow cytometry data from (*C*) (*n* = 5). (*E*) Representative images of the uptake of miR-182 inhibitor transfected (green) Dil-labelled MSC-Exo (red) by RAW264.7 cells (DAPI blue) and fluorescence uptake with sham control and dye-only samples. Sham control, aliquots isolated from equal volume of MSC culture medium containing 5% exosome-free FBS in the absence of cells stained with DiI; Dye-only, PBS negative control stained with the DiI; Non-stained, background RAW264.7 cells fluorescence without addition of a sample. Scale bar = 25 μm. (*F*) Quantification of arbitrary fluorescence intensity from five different fields of each sample in (*E*) at 400× magnification obtained in a single experiment (*n* = 5). (*G*) Real-time PCR analysis of miR-182 levels in exosomes derived from NC inhibitor MSC-Exo and miR-182 inhibitor MSC-Exo (*n* = 5). (*H*) Representative flow cytometry plots showing the percentages of M1 (iNOS^+^CD206^−^) and M2 (iNOS^−^CD206^+^) phenotype in LPS-stimulated RAW264.7 cells treated with miR‐182 inhibitor MSC-Exo or NC inhibitor MSC-Exo for 48 h. (*I*) Quantification of flow cytometry data in (*H*) (*n* = 5). Data are presented as the mean ± SD. Statistical significance was determined using Student's *t*-test and one-way ANOVA followed by Tukey's multiple comparisons test. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](cvz040f5){#cvz040-F5}

Subsequently, we investigated the direct effects of miR-182 and miR-125a on macrophages. We first confirmed that RAW264.7 cells expressed higher levels of miR-182 and miR-125a after transfected with correspondent miRNA mimic (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S6](#sup1){ref-type="supplementary-material"}*). To detect the effects of miR-182 and miR-125a on macrophage polarization, the levels of M1 and M2 markers were detected by flow cytometry and qRT--PCR analysis. The results showed that miR-182 mimic obviously facilitated the polarization of macrophages from M1 to M2 under inflammatory environment (*Figure [5](#cvz040-F5){ref-type="fig"}C* and *D*; see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S7](#sup1){ref-type="supplementary-material"}*), whereas miR-125a did not affect the alteration of macrophage phenotypes (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S8](#sup1){ref-type="supplementary-material"}*). These results demonstrated that miR-182 might be the key regulatory cargo contained in MSC-Exo accounting for the regulation of macrophage polarization.

To confirm the role of miR-182 in MSC-Exo, we inhibited the function of miR-182 in MSC-Exo by transfecting MSCs with miR-182 inhibitor and subsequently isolated the exosomes (called miR-182 inhibitor MSC-Exo) from the culture supernatants. The FAM-labelled miR-182 inhibitor, which was contained in DiI-labelled exosomes, was internalized into macrophages, as visualized by confocal microscopy (*Figure [5](#cvz040-F5){ref-type="fig"}E* and *F*). qRT--PCR analysis demonstrated that the level of miR-182 was significantly reduced in miR-182 inhibitor MSC-Exo compared with negative control (NC) inhibitor MSC-Exo (*Figure [5](#cvz040-F5){ref-type="fig"}G*). We then treated LPS-stimulated macrophages with NC inhibitor MSC-Exo or miR-182 inhibitor MSC-Exo for 48 h and then collected the cells for flow cytometry and qRT--PCR analysis. Results showed that the down-regulation of M1 markers (iNOS, IL-1β, IL-6, and TNFα) as well as the up-regulation of M2 markers (CD206, IL-10, Arg1, and TGFβ) induced by NC inhibitor MSC-Exo were partially negated by miR-182 inhibitor MSC-Exo (*Figure [5](#cvz040-F5){ref-type="fig"}H* and *I*; see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S9](#sup1){ref-type="supplementary-material"}*). Thus, miR-182 recapitulated the immunomodulatory effects of MSC-Exo, while inhibiting miR-182 blunted those effects. miR-182 was involved in the MSC-Exo mediated macrophage polarization.

3.7 miR-182 shuttling by MSC-Exo modulated macrophage phenotype through targeting TLR4
--------------------------------------------------------------------------------------

To better understand how miR-182 modulates macrophage phenotypes, we focused on the target gene of miR-182 within macrophages. According to the database of miRNA targets (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S10A](#sup1){ref-type="supplementary-material"}*), we found that TLR4 might be the potential target relative to inflammation attenuation. To confirm whether TLR4 is a target of miR-182 in macrophage, the expression levels of TLR4 in miR-182 mimic transfected macrophages were measured by qRT--PCR and western blotting. The protein levels of TLR4 were significantly reduced in macrophages transfected with miR-182 mimic, whereas no difference was detected in transcription level (*Figure [6](#cvz040-F6){ref-type="fig"}A* and *B*). These results suggested that miR-182 inhibited the expression of TLR4 within macrophages via a post-transcriptional regulation.

![miR-182-5p shuttling by MSC-Exo modulates macrophage phenotype through targeting TLR4. (*A*) TLR4 mRNA relative expression detected by qRT--PCR after transfection of miR-182 mimic or scramble control (*n* = 5). (*B*) Protein levels of TLR4 detected by western blotting after transfection of miR-182 mimic or scramble control (*n* = 5). (*C*) Representative images of western blots for TLR4 and downstream MyD88/NF-κB and PI3K/Akt signalling pathways in LPS-stimulated RAW264.7 cells after transfection with miR-182 mimic or NC mimic for 48 h (*n* = 5). (*D*) Representative images of western blots for TLR4 and downstream MyD88/NF-κB and PI3K/Akt signalling pathways in LPS-stimulated RAW264.7 cells treated with miR‐182 inhibitor MSC-Exo or NC inhibitor MSC-Exo for 48 h (*n* = 5). (*E*) Protein levels of TLR4 in cardiac tissue of mice treated with PBS or MSC-Exo 3 days after myocardial I/R (*n* = 5). (*F*) EF% and FS% of TLR4-deficiency mice and WT mice 3 days following myocardial I/R injury (*n* = 8). (*G*) Representative flow cytometry plots showing the percentages of total macrophage (CD11b^+^F4/80^+^), M1 (CD11b^+^F4/80^+^iNOS^+^CD206^−^) and M2 (CD11b^+^F4/80^+^iNOS^-^CD206^+^) phenotype within the heart tissue of TLR4-deficiency mice and WT mice 3 days following I/R injury. (*H*) Quantification of total macrophages, M1 macrophages and M2 macrophages within the heart tissue of TLR4-deficiency mice and WT mice in baseline and 3 days following myocardial I/R injury (*n* = 6). Graphs depict mean ± SD. Statistical significance was determined using Student's *t*-test and one-way ANOVA followed by Tukey's multiple comparisons test. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; ns, not significant.](cvz040f6){#cvz040-F6}

Previous findings suggested that there was a reciprocal regulation between the TLR4/NF-κB and PI3K/Akt signalling pathways during myocardial I/R injury.[@cvz040-B27]^,^[@cvz040-B28] Inhibition of TLR4-mediated signalling might increase activation of the PI3K/Akt signalling pathway, which was important for an anti-inflammatory M2 macrophage conversion.[@cvz040-B29] Thus, we investigated the crosstalk between TLR4/NF-κB and PI3K/Akt signalling pathways after transfection of macrophages with miR-182. Western blotting analysis revealed that the levels of iNOS, TLR4, and NF-κB p-P65 were significantly down-regulated. Meanwhile, the expression levels of Arg-1, p-PI3K, and p-AKT were markedly up-regulated after transfection with miR-182 mimic (*Figure [6](#cvz040-F6){ref-type="fig"}C*; see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S10B](#sup1){ref-type="supplementary-material"}*).

Subsequently, we investigated the effects of MSC-Exo on TLR4 and its downstream signalling pathways. *In vitro* experiment, we found that the levels of TLR4, MyD88, and NF-κB p-P65 were significantly down-regulated, while the expression levels of p-PI3K and p-AKT were up-regulated after NC inhibitor MSC-Exo treatment. Furthermore, the inhibition of TLR4 and activation of PI3K/Akt were partially reversed when treated with miR‐182 inhibitor MSC-Exo (*Figure [6](#cvz040-F6){ref-type="fig"}D*; see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S10C](#sup1){ref-type="supplementary-material"}*). *In vivo*, we also observed significantly decreased levels of TLR4 within myocardium in MSC-Exo-treated mice when compared with PBS-treated mice (*Figure [6](#cvz040-F6){ref-type="fig"}E*). These data suggested that miR-182 was involved in the MSC-Exo mediated macrophage polarization by targeting the TLR4/NF-κB/PI3K/Akt signalling cascades.

Several studies have shown that the inhibition of TLR4 is beneficial for alleviating inflammatory responses and lessening additional damage to the already injured myocardium.[@cvz040-B30]^,^[@cvz040-B31] Therefore, we established a myocardial I/R model in TLR4-deficiency mice and wild-type (WT) mice. Three days after myocardial I/R induction, TLR4-deficiency mice showed improved cardiac function (*Figure [6](#cvz040-F6){ref-type="fig"}F*), reduced inflammatory cell infiltration and less inflammatory cytokine expression compared with WT mice (see [Supplementary material online](#sup1){ref-type="supplementary-material"}, *[Figure S11A](#sup1){ref-type="supplementary-material"}--C*). We further detected the macrophage phenotype in cardiac tissue of TLR4-deficiency and WT mice after myocardial I/R induction. Flow cytometry analysis showed that TLR4 deficiency mice exhibited significantly higher ratio of M2 macrophages and lower ratio of M1 macrophages compared with WT mice, mimicking the effects of MSC-Exo (*Figure [6](#cvz040-F6){ref-type="fig"}G* and *H*). These data indicated that inhibition of TLR4 recapitulated the benefits of MSC-Exo *in vivo*. TLR4 inhibition by exosomal miR-182-5p underlied the cardioprotection and immunomodulatory effects of MSC-Exo.

4. Discussion
=============

In this study, we firstly demonstrated the curative effects of MSC-Exo in myocardium healing after myocardial I/R injury. Then we applied the macrophage depletion model to reveal that macrophage was mainly downstream target of MSC-Exo. Our work further confirmed that MSC-Exo effectively shifted polarization of macrophages favourable to M2 other than M1 phenotype, which might mitigate inflammatory cascades and enhance subsequent reparative activities, thereby limiting infarct size. Furthermore, we demonstrated that miR-182 was abundant in MSC-Exo, and regulated macrophage phenotype via TLR4/NF-κB pathway.

Following myocardial I/R, a variety of damage-associated molecules are released from necrotic cardiac resident cells, thus induce an inflammatory cascade within the heart.[@cvz040-B1] The initial pro-inflammatory response starts with clearance of dead cells and debris, and is gradually replaced by an anti-inflammatory reparative phase, which allows wound healing, and scar formation. The infiltration of inflammatory cells and accumulation of pro-inflammatory cytokines not only clear cellular debris but also give rise to further damage and stress on the surviving cardiomyocytes.[@cvz040-B3] Therefore, for over 30 years, a variety of remedies for suppressing this immune reaction has been investigated. However, application of traditional anti-inflammatory drugs to suppress this immune reaction failed to attenuate the injury,[@cvz040-B32] which indicated that an effective therapy should not only reduce the length and damage of the inflammatory response but also promote the activation of reparatory pathways. Over the past decade, the immunomodulatory potential of MSCs has generated hope for treatment of many immune-related diseases.[@cvz040-B33] MSCs have been found to interact with all cells of the immune system and gently steer the immune reaction towards an anti-inflammatory response. In animal model or human being with MI, MSC transplantations have been found to confer beneficial effect on cardiac repair.[@cvz040-B34] However, the detailed mechanism was not fully elucidated. Therefore, whether MSC or its production exerts immunomodulatory effect on myocardial I/R injury need to be identified directly.

Recent studies have demonstrated that interaction between MSCs and the inflammatory niche may largely rely on cell--cell communication through secretion of immunomodulatory secretomes.[@cvz040-B35]^,^[@cvz040-B36] Aside from numerous growth factors and cytokines produced by MSCs, exosomes have gained interest as intriguing paracrine signals that can shuttle payloads from cell to cell.[@cvz040-B9] Exosomes are small vesicles secreted by a large variety of cells, which play an important role in these paracrine effects. Several recent reports have demonstrated that several kinds of stem cell-derived exosomes are able to improve global heart function and attenuate ventricular remodelling via inhibiting stress-induced apoptosis, reducing oxidative stress, and stimulating angiogenesis under myocardial ischaemia injury.[@cvz040-B14]^,^[@cvz040-B25]^,^[@cvz040-B37] However, the possible effect of MSC-Exo on post-myocardial I/R inflammation has been rarely studied. In our study, we firmly demonstrated that the curative effects of MSC-Exo had a strong relation with its modulation of inflammation and lasted along the acute inflammation phase and healing phase.

Macrophages are central mediators of cardiac inflammation, contributing to both the initiation and resolution of inflammation. Several studies have highlighted the importance of macrophages in models of myocardial I/R injury.[@cvz040-B18]^,^[@cvz040-B19] In this study, we used the macrophage depletion model and found that the effects of MSC-Exo largely relied on its interactions with macrophages. It is widely accepted that there exists two typical subtype of macrophages: classically activated M1 macrophages and alternatively activated M2 macrophages.[@cvz040-B4] Growing evidence has indicated that MSC has the capability to trigger the macrophage to switch towards the anti-inflammatory M2 phenotype.[@cvz040-B7]^,^[@cvz040-B8] Our work further confirmed that MSC-Exo effectively shifted the polarization state of macrophage from M1 towards M2 phenotype not only *in vitro* but also in myocardial I/R mice. The switch of macrophage phenotype by MSC-Exo mitigated pro-inflammatory cascades and enhanced subsequent reparative activities, thereby limiting infarct size.

miRNAs have been implicated as important components of exosomes and largely decide the effects of exosomes on recipient cells. Among the miRNAs found in exosomes derived from stem cell, some have important immunomodulatory properties, such as miR-21,[@cvz040-B25] miR-223,[@cvz040-B21] miR-146a,[@cvz040-B12] and miR-181b.[@cvz040-B18] Probing our own sequencing data against public available exosomal miRNA profiles and miRNA target prediction databases, we identified miR-182 as our top candidate. Until now, studies concerning the relationship between miR-182 and I/R injury are limited, the role of miR-182 in the immunomodulatory effects of MSC-Exo remains uninvestigated. Our results first demonstrated that blocking miR-182 in MSC-Exo blunted the immunomodulatory effects of MSC-Exo on macrophages.

Previous study suggested that miR-182 specifically targeted TLR4 and inactivated TLR4/NF-κB pathway.[@cvz040-B38] Whether miR-182 and TLR4/NF-κB pathway was involved in MSC-Exo depended macrophage polarization was explored by our group. Our data confirmed that TLR4 was negatively regulated by either MSC-Exo or miR-182 mimic in macrophages. Meanwhile, MSC-Exo could blunt TLR4 expression within myocardium, indicating that TLR4 may be the underlying target of MSC-Exo mediated macrophage polarization. The inhibition of TLR4 and its downstream MyD88/NF-κB signalling pathway by miR-182 has been shown to alleviate inflammation by negatively polarizing M1 macrophages.[@cvz040-B38] On the other hand, detailed mechanism about miR-182 depended M2 conversion remains unclear. Hua *et al.*[@cvz040-B39] reported that inhibition of TLR4-mediated signalling could increase the activation of PI3K/Akt signalling pathway, which was important for M2 polarization. Therefore, we examined these two signalling pathways and found that PI3K/AKT were activated and TLR4/NF-κB were inhibited after MSC-Exo treatment or miR-182 transfection. The inhibition of TLR4 and activation of PI3K/Akt were partially reversed when miR-182 level was low in exosomes. These data strongly indicated that miR-182 was involved in the MSC-Exo mediated macrophage polarization by targeting the TLR4/NF-κB/PI3K/Akt signalling cascades. However, the underlying mechanism of the crosstalk between TLR4/NF-κB and PI3K/Akt signalling pathways still needs further exploration.

Despite the compelling evidence pinpointing TLR4 as a likely downstream effector, it is clear that exosomes and their miRNAs have protean effects, which may be synergistic. Picking a single candidate may oversimplify the actual biology. Although our data suggest that exosomal miR-182 has a critical role in the immunomodulation and cardioprotection effect of MSC-Exo, we do not rule out the contribution of other exosomal cargoes. Many of the other components undoubtedly are bioactive, exerting the overall functional benefits as an ensemble.

In summary, our study demonstrates that MSC-derived exosomes attenuate myocardial I/R injury via polarizing inflammatory macrophage towards anti-inflammatory macrophage population within the heart. miR-182 packaged in MSC-derived exosomes is involved in the modulation of macrophage polarization by targeting TLR4/NF-κB/PI3K/Akt signalling cascades.
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